Introduction
Vertebrates show a great diversity and elaboration of skin ornament and appendages, ranging from the various types of mineralized scales in fishes and keratinous scales of reptiles, to complex feathers in birds and hair in mammals. Despite structural non-homology of most of these units and the apparent uniqueness to each vertebrate clade [1] [2] [3] , components of the genetic control of skin appendage patterning and development appear to be conserved and shared among these diverse vertebrate clades 4 . The development of skin appendages such as hair follicles, teeth, mammary glands, feathers and epidermal scales in tetrapod lineages have been well investigated [4] [5] [6] [7] and these studies imply that the respective developmental process and molecular mechanisms are deeply conserved among vertebrate skin appendages. The earliest developmental stages of vertebrate skin appendages, generally, are remarkably similar in their initial morphogenesis of the initial placode, which is then followed by specific divergence of an assortment of epithelial units
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. Morphogenesis of these units depends on inductive epithelial-mesenchymal interactions mediated by a conserved set of signaling molecules, associated with the Hedgehog (Hh), Wnt, Bmp, FGF, Notch and EDA pathways 7 . Skin appendages in tetrapod lineages arise from epithelial cells of ectodermal origin 4 , whereas in contrast teleost scales are produced initially from underlying mesodermal layers of the dermis 6, 8, 9 , however the true extent of teleost scale initiation is currently unknown.
Although the diversity of skin ornaments in teleost fishes is vast, we currently know little about the development of these structures that include a diverse array of scales, and scale-like skin appendages 10 . The molecular development of dermal scales of teleost fishes is surprisingly under-studied despite their diversity and superficial formation on the surface of the body. The potential reason for this lack of comparative knowledge could be the relatively late developmental timing of scale formation during early juvenile stages in most teleosts, including the zebrafish. However some signaling pathways have been documented [11] [12] [13] [14] [15] . For instance, during scale development in zebrafish (Danio rerio) the ligand of the Hh pathway shh is expressed in the epidermal layer of cells adjacent to the scale primordium in the mesoderm 10 . More recently a set of studies documenting the association of the Wnt/β-catenin and the Fgf signaling pathway in teleost scale development and morphogenesis have emerged [16] [17] [18] . In addition, mutant phenotypes of the edar (Ectodyplastin-A receptor) coding locus in Medaka (Oryzias latipes; Beloniformes) show an almost complete loss of scale formation suggesting that the eda/edar signaling pathway is necessary for normal scale formation in teleosts 12 . Eda/edar signaling also controls morphology and patterning of the body plate armour in both marine and freshwater populations of the three-spined stickleback 14, 19 . Further information on the developmental significance of Ectodysplasin pathway members (eda and edar) on the patterning of adult scales in zebrafish has recently been documented 11 , where eda/edar have been shown to be important in regulating signaling centers from the organization of epidermal cells that are responsible for scale development. The involvement of these common genetic programs during the development of epidermal/dermal skin appendages from diverse clades of vertebrates suggests molecular similarity of skin patterning mechanisms. As a corollary, we expect that even the most extremely modified skin ornament in teleosts shares elements of the core developmental skin patterning programs with that of other vertebrate skin appendages.
Tetraodontiformes include some of the most unusual-looking teleost fishes such as ocean sunfishes (Molidae), boxfishes (Ostraciidae) and porcupine fishes (Diodontidae). With approximately 350 species 20, 21 , Tetraodontiformes epitomize extreme morphological diversification, which includes, but is not limited to, the craniofacial and dermal skeleton 21, 22 . Members of each of the tetraodontiform clades have a highly unusual covering of their integument by mineralized structures ranging from spinoid scales to individual spines and even thick, plate-like armor (Fig. 1) . Dermal scale development in Tetraodontiformes is thought to be associated with evolution and modification of the typical squamous scale types (e.g. cycloid, spinoid or ctenoid) found in most of teleost fishes
23
, however evolutionary developmental approaches have not been used so far to test this hypothesis.
The modification of scale derivatives in Tetraodontiformes has produced extreme forms, and porcupine fishes (Diodontidaes), for example, are aptly named for their conspicuous skin appendages. Erection of their dermal spines ( Fig. 1 ) is linked to their ability to inflate, producing a powerful defense mechanism 24 . This mechanism for inflation is shared with the pufferfishes (Tetraodontidae), a group that shows much less impressive but more diverse body spination 21 . To further our understanding of the development of dermal skin coverings in tetraodontids, we focus on one species of pufferfish, Takifugu niphobles. We investigate the formation of its body spination, which is restricted to the ventral body surface in the early juvenile stage and reinforces the abdominal region during inflation. The Takifugu pufferfish lineage is well known from recent genome sequencing efforts which demonstrated that (i) pufferfishes represent the vertebrate with the smallest, most compact genome, and (ii) that the Takifugu lineage has undergone a relatively recent explosive radiation 25, 26 .
Even within the pufferfish clade there is a variation in spine size and shape, as well as in the level of spine coverage across the body, ranging from a complete lack of spines to a dense, full body coverage
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.
Here we present (i) information on the diversity and modification of skin ornament in this particularly diverse order of teleost fishes, the Tetraodontifomes; describe (ii) the development of the dermal spines in the derived Tetraodontiform family, pufferfish (Tetraodontidae; Takifugu niphobles) as a model for skin appendage novelty and diversification; and report (iii) on the results of the developmental and genetic manipulation of the spines that cover the ventral surface of Takifugu and finally (iv) suggest a mechanism for how morphological diversity of skin ornament in this group may have arisen.
Results

Diverse Morphological Structure of Skin Appendages in the Order Tetraodontiformes
The morphology of dermal ornament, i.e. spines, plates and scales, and their localization on the body surface vary greatly between members of the 10 families of the order Tetraodontiformes; Triacanthodidae (spikefishes), Triacanthidae (triple spine fishes or tripodfishes), Balistidae (triggerfishes), Monacanthidae (filefishes), Aracanidae (boxfishes), Ostraciidae (true boxfishes), Triodontidae (three-tooth pufferfishes), Tetraodontidae (four-tooth, true pufferfishes), Diodontidae (porcupine fishes) and Molidae (ocean sunfishes) 20, 27 . To understand spine or scale structure in the order Tetraodontiformes, we studied cleared and double-stained larval/juvenile and adult specimens, from species representing the all 9 of 10 extant ttetraodontiform families (Fig. 1) . The morphology and localization of dermal structures in juveniles were similar to that in adults in Triodontidae, Tetraodontidae and Diodontidae, but this is not the case in other groups. The juveniles of both the basal spikefishes (family Triacanthodidae) and the more derived threetoothed pufferfish (family Triodontidae) exhibit mineralized units on the body surface that consist of a scalelike plate with one (in triacanthodids) or several (in triodontids) individual spines at the posterior end. This plate strongly resembles a typical cycloid scale in having concentric ridges, the so-called circuli (Fig. 1a, f) .
This "cycloid" base in these two groups is still present, though less obvious, in the spinoid scales observed in the adults 28 . Juveniles of the tripod fishes (family Triacanthidae), the triggerfishes (family Balistidae), and the filefishes (family Monacanthidae) also exhibit a single spined unit on a "cycloid" base, which, however, appear to lack circuli. In contrast, in adults of members of these three families a more complex structure is present, with spines or spinules sometimes covering the entire visible scale surface (Fig. 1c, d ). Boxfishes (family Ostraciidae) do not possess any spines, but instead have a covering of separate hexagonal bony plates on the body surface of juveniles, which grow together to form a thick armor in adults (Fig. 1e ) 21 . Pufferfishes ), to a restriction of spines to certain regions of the body. In Takifugu, these spines are restricted to the dorsal head and ventral abdominal regions. Individual spines of pufferfishes are composed of a basal multi-pronged root embedded into the dermis and a distally pointed single spine tip (Fig. 1g, h ). Ocean sunfish (family Molidae) juveniles are covered with a network of jagged edged pyramidal spines covering the skin, whereas adults have no spines, but instead their entire body is covered with polygonal scale-like plates (Fig. 1i ) 30 . In summary, Tetraodontiformes show a diversity in dermal skin ossifications that rivals that of many other, more species-rich teleost orders (see Supplementary Table 1 for a summary of observations) and for this reason are especially suited for the study of evolutionary and developmental diversification of body ornamentation.
Pufferfish spines develop from early mesenchymal primordia
Morphological descriptions of spinoid scales, plates and spines have previously been reported predominantly for adult Tetraodontiformes 20, 21, 23, 28, [31] [32] [33] [34] [35] [36] [37] . However, how this variety of dermal appendages develop remains to be studied with a specific developmental approach. Therefore, to begin this process we investigated the histology and development of spines using one species of pufferfish, the Japanese Grass Pufferfish (Takifugu niphobles; family: Tetraodontidae). Scanning electron microscopy (SEM) revealed a bumpy skin surface in embryos 12 days post-fertilization (dpf), located between the ventral pectoral girdle and the abdominal region (Fig. 2a) . A close-up of this region highlights ectodermal units that project from the body surface marking the initial site of development of a spine primordium at this stage (Fig. 2b) . Sagittal sections of embryos at 13 dpf demonstrated that the developing spine regions are composed of two tissue layers, epithelium and mesenchyme, and associated pigment cells e.g melanocytes. The spine primordia derive from mesenchyme (dermis) and are strongly stained with haematoxylin (and Alcian Blue; Fig. 2c ). In juvenile stages (at 46 dpf), developing spines extend from a fibrous layer of the dermis (Fig. 2d) . In adult stages, Alizarin Red-positive, well-mineralized, functional spines extend to and protrude through the outer layers of the skin (Fig. 2e ). These observations, coupled with our results from tissue staining assays show that spines develop below the epidermis in Takifugu from the mesenchyme (dermal mesoderm) during early ontogeny. This is similar to the development of regular teleost scales. In zebrafish (Danio rerio; Cypriniformes) and Medaka (Oryzias latipes;
Beloniformes), scales also develop from dermal mesoderm but do so much later, approximately one-month post-fertilization 10, 12, 38 . However, the location of the initial signals for spine/scale competence is debatable, and could arise from the either mesodermal or epidermal origins.
Wnt, Hh and FGF pathways are important for spine development
Our histological and developmental observation of spines in larval Takifugu suggests that the main component of spine development is mesodermal, similar to the cellular source of scale development in other teleost fishes 8, 9 . Therefore, we hypothesize that there is a high level of conservation between spine and scale development in these teleost groups. We speculate that spines form through similar interactions between the epithelium and mesenchyme with genetic pathways equivalent to those during general teleost scale development. This suggests that these distinct sets of scale-type structures are identical in tissue derivation and homologous, despite their morphological divergence.
Because little is known regarding gene expression during scale developmental, we examined a set of gene markers during spine formation in Takifugu. To do this we selected candidate genes from major developmental pathways (Hh, Wnt, FGF and BMP signaling pathways) that are known to be involved during organogenesis in a range of structures, i.e. jaws, teeth, limbs, bone and skin (ectodermal) appendages in vertebrates 7, [39] [40] [41] . β -catenin is a signal transducer of canonical Wnt signaling, a pathway known to play important roles in cell proliferation and differentiation during organogenesis of various structures 42 . We observe expression of β -catenin within the spine primordium and in the surrounding epithelial cells (Fig.3a) .
The expression of β -catenin in spine primordia is stronger at the boundary region between spines and the overlying epithelium. The transcription factor, lef1 (Lymphoid enhancer binding factor-1), is also associated with the canonical Wnt pathway by interaction with β -catenin 43 and is expressed during spine primordium development, broadly in the apical region of the epithelium (Fig. 3b) . The spatial expression of lef1 is consistent throughout the early regional specification that demarcates spine competent ectoderm, with its expression upregulated at the border of the ventrally restricted spine-forming region (Fig. 3b) . The Wnt pathway ligand, wnt7a, of the frizzled family of transmembrane receptors 44 , is expressed throughout the both mesenchymal and epithelial compartment, although its expression is stronger at the apical tip of the epithelial where spine forms (Fig. 3c) . shh, a ligand of the Hh pathway, has a critical role as a morphogen in cell division, specification and patterning of organs 45 . shh is expressed in the epithelium adjacent to the spine primordia ( Fig. 3d ). This expression pattern shows similarity with scale development in zebrafish, where shh is expressed in the epithelium adjacent to the scale anlagen
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. Sostdc1 (Sclerostin domain-containing 1, also known as Wise, ectodin and USAG-1), encodes an N-glycosylated, secreted protein associate with the BMP pathway as an antagonist, and mediates regulation of the network for both the Hh and Wnt pathway 46, 47 .
Expression of Sostdc1 is present in the ventral spine region and localization is restricted to the distal end of the spine unit (Fig. 3e) . FGF ligands play a key role in the processes of proliferation and differentiation in various organs, interacting with Hh, Wnt and BMP signaling pathways
48
. Fgf3 is expressed in epithelial cells adjacent to the apical tip of the developing spine in Takifugu (Fig. 3f) . In contrast, Fgf10a is expressed extensively in the epithelium, however its expression is also upregulated in the epithelium adjacent to the apical tip of spines (Fig. 3g) . The BMP pathway is involved in a variety of cellular interactions during various organogenic processes 49 . The BMP ligands bmp2 and bmp4 are both expressed in the developing spine and importantly in a pre-patterned ventral restriction prior to spine primordia formation, demarcating the homogenous, yet restricted, field where spines will form (Fig. 3h, i) . This bmp2/4-marked pre-pattern is intriguing as the formation of spines is restricted to within this region, potentially suggesting that BMP signaling is important in initiating a spine competent dermis in Takifugu. Further BMP-associated gene expression shows a restricted expression pattern e.g. Fst (Follistatin), an activin-binding protein known to be a BMP antagonist [50] [51] , is expressed in the mesenchyme surrounding each spine primordia (Fig. 3j) . These results highlight that common markers of ectodermal appendage formation are expressed and active during initiation, development and organization of the highly derived spine ornament of pufferfishes.
Functional manipulation of the BMP pathway during Takifugu spine development
Because BMP signals regulate number, pattern and size during the development of skin appendages [52] [53] [54] , and
given the known conservation of genetic markers of ectodermal patterning, we hypothesize that similar genetic mechanisms might regulate dermal spine patterning and development in Takifugu. At 10 dpf, the stage before initiation of spine primordia, bmp2 and bmp4 are expressed in the ventral mesenchyme of the embryo defining the specific ventral territory (restricted region) where spines form (Fig. 4a, b) . This expression pattern suggests that BMP pathway molecules are involved in the initiation or determination of spine patterning. This expression in a ventral patch appears to demarcate a pre-pattern for future spine formation.
To identify the functional role of the BMP pathway in spine development, we attempted Bmp gene knockdown assays through the injection of an antisense morpholino (MO) in fertilized Takifugu eggs at the one-cell stage. Although injections with bmp2 or bmp4-MO resulted in mortality at the hatching stage (6 dpf), morphants injected with follistatin (fst)-MO, an antagonist of Bmp, continued to develop. Fst-MO morphants resulted in the formation of abnormal lower jaws at 12 dpf (Fig. 5a, b) . Alcian Blue staining revealed that morphants injected with fst-MO developed an abnormal arrangement of Meckel's cartilage and branchial cartilages with the formation of only four branchial arches, rather than the normal set of five (Fig. 5c, d ). In contrast, wild type embryos developed normal cartilages and the standard set of five ceratobranchials.
Similarly, the knock down of fst via MO injection in zebrafish resulted in a reduction in the number of branchial arches cartilages 55 . These data confirm that the fst morpholino experiments in pufferfish resulted in known skeletal morphotypes previously observed in fst knock down experiments in other teleost fishes
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However, beyond these known phenotypes we also observed novel phenotypes in Takifugu in relation to dermal spine formation. In wild type Takifugu embryos, spines are present in the ventral region (Fig. 5e, g ) whereas in morphant embryos injected with fst-MO, hyperplasia of spines was observed. Furthermore, the apical tip of spines developed earlier than that of the control embryos (Fig. 5f, h ). We also documented a reduction in the number of spines in the region (per 2 mm 2 ) in morphant with fst-MO, when compared with the number of spines in wild type (Numbers are described in Fig. 5i ). These results suggest that whilst the spatial patterning of spines in the ventral region was expanded in Takifugu morphants injected with fst-MO, the overall number of individual spines was reduced (Fig. 5i) .
Signaling pathways perturbation during spine patterning and development
Spine initiation and development in pufferfish involves the expression of members of the Hh, BMP, Wnt and FGF signaling pathways ( Fig. 3 and Supplementary Fig. 1 ). To understand the function of these pathways during spine development and also the potential role of Notch, an additional key developmental signaling pathway during spine development, we inhibited each pathway in vivo through the use of small molecules (pharmacological agents; e.g.
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). After hatching, embryos were exposed to small molecules in water for 72 hours, covering the key stages of early spine development (initiation, determination of patterning and initial primordium formation). Controls consisted of embryos treated with 1% DMSO. Following treatment, embryos were left to develop under standard conditions for a further 14 days. Embryos were then observed for phenotypic shifts following staining with Alcian Blue (Fig. 6a) . Treatment with Hh antagonist, Cyclopamine (50 μM) severely repressed the formation of spines in the ventral region (Fig. 6b) -highlighting the need of Hh signaling for normal spine development. Next, treatment with DAPT (25 μM), an inhibitor of γ -secretase complex, which includes Notch pathway signaling, resulted in abnormal spine morphogenesis and a ca. 40% reduction in spine number in the ventral region of Takifugu embryos (Fig. 6c, l) . This suggests that the Notch pathway is required for normal dermal spine formation. Given the result from the DAPT treatment, we then examined gene expression of Notch pathway members to determine whether Notch-related genes are expressed during spine development. We observed that at least one of the Notch ligands, notch3, is expressed in the specific territory where spines will form 10 dpf in wild-type embryos, although expression is not specifically restricted to the spine primordium (Fig. 6d) . The same territory was also found to strongly express shh, which covers the skin surface in wild-type embryos at 10 dpf (Fig. 6e) . Furthermore, we found that cyclopamine and DAPT treatments affect the activity of other pathways, such as the BMP and Wnt pathways 72 hours following the treatment period (Fig. 6f-k) . In control embryos, bmp2 and lef1, as markers for the pathways of BMP and Wnt, respectively, are expressed in an irregular pattern within the restricted ventral spine region (Fig. 6f, g ), whereas following cyclopamine treatment, both genes showed greatly reduced expression patterns (Fig. 6h, i) . Treatment with DAPT caused a reduction in bmp2 expression, whilst lef1 was significantly upregulated in the primordia (Fig. 6j, k) . Treatment with the potent Bmp inhibitor LDN193189
(5 μM) and the FGF pathway inhibitor SU5402 (50 μM) lead to a modest reduction in the number of ventral spines in Takifugu (Fig. 6l) .
Treatment with the Wnt-inhibitor, IWR-1-endo, mostly resulted in lethality of embryos (1 μM), however a single individual survived the treatment and displayed a severe reduction in the number of spines (Supplementary Table 2 edar is not associated with spine development in Takifugu EDAR (Ectodysplasin A receptor) is a cell surface receptor for ectodysplasin A (EDA), which plays an important role in the development of skin (ectodermal) appendages and scales in teleost fish 11, 12, 16, 58 . EDAR has been consistently observed in relation to development and patterning of dermal armor in teleost fishes.
Notably, this gene is well characterized in relation to the evolution of stickleback armor patterning 14, 19 . To determine whether edar is involved in the development of the related, yet distinct, dermal armor of spines in pufferfishes, we examined edar gene expression from embryonic to juvenile stages of Takifugu. Given the role of ectodysplasin genes in scale development and patterning in teleost fishes, we hypothesized that edar would be expressed during dermal spine development in Takifugu. In embryonic stages, edar was expressed in the superficial epidermal cells scattered over the entire skin surface (Fig. 7a ) in a similar expression pattern to shh (Fig. 7b) . However, surprisingly, edar was not expressed in the dermal spine primordia in Takifugu (Fig. 7c) . These data suggest that shh and edar are both expressed in skin cells in Takifugu, however unlike standard teleost scales, edar is not associated with the initiation of dermal spines. In ventral regions where spines initiate, edar was also expressed in skin cells, however its expression was absent from protruding epithelial cells overlying spine primordia (Fig. 7c) . Expression of edar was not observed in the skin where spines were undergoing differentiation ( Supplementary Fig. 2 ). At the later juvenile stages, expression of edar was present in the epidermis, especially in cells adjacent to each spine tip (Fig. 7d ). These observations suggest that edar is not required for the initiation and site specification for spine primordia.
Discussion
The pufferfish clade (Tetraodontidae) could have evolved a unique pattern of skin spines through changes to the initiatory process of skin appendage patterning, with early regional restriction of signaling molecules demarcating competent fields of spine formation. This is rather different from the typical signaling that instigates an initiatory row, from which many other appendage-types propagate, for example, in zebrafish scales, shark dermal denticles, reptilian scales and feather tracts. Spine primordia formation never start from a standard designation e.g. the midline of the trunk or in a caudal to rostral sequential pattern, instead pufferfish spine primordia form simultaneously within the territories established by the BMP, Wnt and Hh signaling molecules (Fig. 2) . The earliest expression of Bmp, Notch and Wnt molecules seen in feather development, are not observed throughout the skin early in Takifugu development, however these molecules are only upregulated in regions destined to become feather tracts and subsequent primordia 52, 59 . We observe molecules such as BMP, Notch and Hh genes expressed in a specific territory at the earliest stage of spine patterning that may set up the modified patterning of spines (Fig. 4, 6d-e) . It is important to note that even within the pufferfish clade, spine coverage is not uniform, with species showing complete body coverage (e.g.
Carinotetraodon)
and others with a more reduced occurrence (e.g. Takifugu), therefore it appears that shifts in the competent territory for spine induction is flexible between species ( Supplementary Fig. 4 ). Pufferfish offer a set of interesting developmental models in which to understand how regional restriction and elaboration of skin appendages has occurred during vertebrate evolution.
Morphological variation of the dermal skeletal ornament in Tetraodontiformes is substantial (Fig. 1) .
Triacanthodidae, the most basal family in the Tetraodontiformes phylogeny, possess numerous spines with complex morphology in the adult, however in the juvenile stages they exhibit a single spine that projects out from the cycloid compartment of the scale (Fig. 1a-c) . This suggests that the common ancestor of this group had a spine attached to a scale with a cycloid base. This is similar in morphology to spinoid scales observed in other teleost groups, where spines project out from the scale posteriorly as continuations of the cycloid baseBased on this, we propose a hypothesis for the morphological evolution of the dermal skeleton in Tetraodontiformes (Fig. 8) . Within this group, modifications to the ancestral scale have taken place, with notable diversification of the skin ornament. Different groups exhibit loss of either the cycloid base (i.e.
Tetraodontidae and Diodontidae) or spines from the scale (i.e. Molidae and Ostraciidae). In molids and ostraciids, the cycloid base has been modified into a thick armor of polygonal plates, which may provide increased protection from predators. When looking at the diversification of spines, the Triacanthodidae, Balistidae, Monacanthidae and Triodontidae show a "cycloid" base adorned with a varying number of spines, whereas, the cycloid compartment has been lost in the Tetraodontidae and Diodontidae. We therefore suggest that spines in the Tetraodontidae and Diodontidae are highly derived dermal elements that are homologous to the standard scales of teleost fishes.
The EDA pathway could be a candidate set of molecules crucial to the diversification of tetraodontiform scales and appendage-types. The EDA pathway plays a role in fine-tuning the size, spacing, position and the shape of skin appendages in vertebrates
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. For example, in mouse hair development, the absence of Eda (Eda-A1) results in aberration of primal hair, abnormal shape and decreased density, whereas overexpression of Eda leads to increased size and abnormal shape of hair 61, 62 EDA signaling controls density and patterning of bony armor (modified scale) in several stickleback species 19, 63 , whilst mutation of edar in Medaka leads to significant reduction in the number of scales 12 . The EDA signaling pathway interacts with other signaling pathways such as Hh, Wnt, FGF and BMP in the development of skin appendage in many vertebrates 14, [64] [65] [66] .
Therefore, a shift in EDA signaling is likely a key factor for morphological evolution of the dermal skeleton in Tetraodontiformes and other teleost groups.
Conclusion
Scale morphology, especially in the highly derived superorder Acanthopterygii possesses various ornamentations on the posterior region of the cycloid scale, such as tubercles, ridges, serrations, cteni and spines 67, 68 . This implies that scales have evolved by acquisition of these ornamentations based on the original cycloid scale-type. Tetraodontiformes may be an exceptional example of scale evolution, especially with respect to the spines observed in Tetraodontidae and Diodontidae. We suggest these spines are formed through loss of the cycloid scale compartment present in the ancestor, to a reduced single spine, driven through drastic modification of gene pathway signaling during scale development (e.g. EDA signaling; Fig.   8 ). Tetraodontiform fishes have utilized this 'plastic' dermal system associated with BMP signaling to develop and modify spine and scale morphology to provide great variety and diversity of form. However, the key controlling factor(s) of this dermal diversification are yet to be determined. Taken together, these data suggest that EDA signaling may play a role in at least the scale to spine transition. In addition to the potential role of EDA, tinkering of the variety of signaling pathways at various stages of dermal armor develop (i.e.
BMP signaling) has led to the diversity in patterning and unit morphology in this group of derived teleost fishes. Takifugu and Tetraodon pufferfishes have intriguing clues from their genomic sequences to suggest some mechanism for their diversity
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, but this is not the whole story. Further studies on non-coding DNA, including transposable elements 69 and genetic regulation will provide further clues toward understanding the evolution and diversity of form, seen to an extreme in this incredible assortment of fishes. and Ranzania laevis (Molidae). Species used in this study are listed in Supplementary Table 3 .
Materials and Methods
Animals
Histology and clearing and double staining
Takifugu embryos for histology staining were fixed in 4% paraformaldehyde in PBS (Phosphate Buffered Saline) at 4°C overnight and dehydrated in a graded series of methanol. For paraffin embedding, dehydrated samples were incubated 20 minutes with isopropanol and two times for 30 minutes with Histo-Clear. Leica RM2145 microtome was used to section paraffin embedded samples at 14 µm. Slides were stained with 50% haematoxylin for 10 minutes and Alcian Blue solution (0.01% Alcian Blue, 70% ethanol and acetic acid) for 30 minutes. Stained slides were washed with double distilled water and mounted with Fluoromount (SIGMA).
Finally mounted slides were photographed by using a BX51 Olympus compound microscope equipped with an Olympus DP71 camera.
Takifugu embryos and juveniles for clearing and staining were breached with breaching solution (1% H 2 O 2 , 5% formamide, 0.5x SSC, 75 mM NaCl, and 7.5 mM sodium citrate, pH 7.0). For Alizarin Red staining juveniles were placed into 0.5% trypsin solution at room temperature for overnight. After protein digest, calcified tissues were stained using 0.01% Alizarin Red S in 0.5%KOH solution for 3 hours. Cartilages were stained with Alcian Blue solution for overnight, and spines were also observed in the cartilage stained prepations. Cleared and stained fishes were washed with 0.5%KOH then graded into 80% glycerin.
Additional specimens illustrated in Fig. 1 were prepared according to a published protocol 70 .
Scanning electron microscopy
Takifugu embryos were fixed in 4% paraformaldehyde in PBS at 4°C overnight and dehydrated in a graded series of methanol. The embryos were critical-point dried using liquid CO 2 , mounted on a sample holder, covered with gold, and viewed using a Philips XL-20 scanning electron microscope.
Microinjections
Antisense morpholinos (MOs) were injected into Takifugu eggs with a micro needle using an injector NARISHIGE IM 300 (NARISHIGE). 0.8 mM MOs against fst (follistatin) (5'-TTCAGCATCCCAAACATGATGGAGC-3') were injected into 1cell stage of Takifugu eggs.
Molecular cloning and probe synthesis
Total RNA was extracted from whole bodies of Takifugu (7 dpf) in RNA later (Sigma) were transferred to The PCR clone in the pGEM-T-Easy Vector (Promega) was used as a template, and a digoxigenin (DIG)-labeled antisense RNA probe was synthesized by in vitro transcription with T7/SP6 RNA polymerase (Promega) and DIG RNA labeling mix (Roche).
Whole mount and section in situ hybridization
All Takifugu embryos for in situ hybridization were fixed in 4% paraformaldehyde in 0.01 M PBS at 4°C
overnight. Fixed samples were dehydrated with graded series of methanol. Whole mount in situ hybridization was performed according to a published protocol and lef1 (g, i, k). l Quantitative comparison for the spine total number of 14 dpf embryos between treatment with 1% DMSO control (n = 5), 50 μM Cyclopamine (n = 6), 25 μM DAPT (n = 9), 5 μM LDN193189 (n = 9) and 50μM SU5402 (n = 10). Scale bar, 100 μm. Triacanthodidae, Triacanthidae, Balistidae, Monacanthidae (see Fig. 1 ). During evolution of ancient lineage of Tetraodontidae and Diodontidae (or Molidae; Gymnodontes), cycloid compartment has been lost, but single spines are retained. d Modification of gene pathways, especially EDA, contributed to developmental changes forming scales without a "cycloid" scale compartment.
